We consider a novel scenario, based on the existence of a mirror world, in which light Dirac neutrinos are generated from a seesaw mechanism and leptogenesis occurs at high scale without violating lepton number. Since lepton number is conserved, this model predicts no neutrinoless double beta decay. After leptogenesis, the conservation law of the theory implies the visible baryon-minus-lepton asymmetry to be equal to the mirror baryon-minus-lepton asymmetry. The final baryon and mirror baryon asymmetries, however, will be related by an order one coefficient, which depends on the details of the model. If dark matter consists of mirror baryons, this can naturally explain the proximity of baryon and dark matter energy densities.
models as the consequence of a conserved baryon minus mirror baryon number has been discussed in [7] [8] [9] .
Another interesting class of models are those in which the SM is connected to the mirror sector through heavy Majorana singlets and light neutrino masses are generated in the two sectors through the type-I seesaw mechanism. Furthermore, decays of the heavy singlets produce lepton asymmetries in both sectors which then get converted into baryon and mirror baryon asymmetries [10, 11] . Baryon-minus-lepton asymmetries of both sectors can be quite different depending on the parameters of the models. 1 In these models, if the reheating temperature is lower than the mass of the heavy singlets, leptogenesis can also proceed through a different mechanism in which out-of-equilibrium, CP-violating scattering processes convert SM particles into particles of the mirror sector [12] .
Although light neutrinos are required to explain the oscillation phenomena, their Majorana or Dirac nature can only be determined by dedicated lepton number violating experiments (like neutrinoless double beta decay) and this remains an open question. Therefore, one can ask if it is possible to envision a world in which the SM neutrinos are Dirac particles while the nice features of the seesaw mechanism and leptogenesis are preserved. In this work we will answer positively to this possibility.
We consider a novel scenario where the SM neutrinos naturally acquire tiny Dirac masses through a seesaw mechanism where the role of right-handed neutrinos is played by the mirror neutrinos. The seesaw scale is associated with the mass scale of heavy Dirac singlets which bridge the SM and the mirror sectors. Dirac leptogenesis proceeds through decays of these heavy Dirac neutrinos to the SM leptons as well as the mirror leptons. 2 Interestingly, in this model the difference between baryon-minus-lepton numbers of the SM and the mirror sectors (B −L)−(B −L ) remains a good symmetry of the theory ('prime' is used to indicate baryon and lepton numbers of the mirror sector). Starting from zero initial asymmetry, this conservation law implies that, after leptogenesis, the B − L asymmetry has to be equal to the B − L asymmetry, independently of the details of the model. 3 The final baryon and mirror baryon asymmetries, however, will be related by an order one coefficient, which depends on the details of the model. If DM consists of mirror baryons with comparable mass to the SM baryons, this mechanism provides an elegant explanation as to why the baryon and DM energy densities observed today are of the same order. Finally, if leptogenesis happens in the regime where lepton and mirror lepton flavors are not distinguishable, CP violation is bounded from above analogous to the Davidson-Ibarra bound for type-I seesaw [17] . Since the SM neutrinos are Dirac fermions, neutrinoless double beta decays will not be observed.
This paper is organized as follows. In section II we present the model and discuss its global symmetries. We then compute the CP violating parameter and derive a related bound in the hierarchical limit. In section III we present the unflavored Boltzmann Equations (BEs) for the system. In section IV we show the results for two benchmark scenarios based on different assumptions about the Z 2 symmetry. In section V we conclude with a final discussion. This work is supplemented by three appendices: in appendix A we give the proof of the identity used to obtain the bound on the CP parameter, in appendix B we present the approximate analytical solutions to the unflavored BEs in the limit where both the SM and the mirror sector share the same couplings and in appendix C we present the flavored BEs appropriate for studying leptogenesis at a lower scale.
II. THE MODEL
We consider a model that, in addition to the SM sector, is characterized by the presence of a mirror sector with the same structure and field content as the SM. We add heavy singlet neutrinos to both sectors with a Dirac mass term which serves as a portal between the two sectors:
The fields l Lα and Φ are SM lepton and Higgs doublets charged under the SM EW SU The structure of eq. (1) can be obtained by imposing a global U (1) symmetry that can be identified with the total lepton number L tot = L − L which is an extended lepton number defined in terms of both SM lepton number (L) and mirror lepton number (L ). We have:
In this case, the SM and twin right-handed neutrinos combine to form heavy Dirac states
With this definition, we can rewrite the model Lagrangian as follows
It is natural in these mirror world models to impose a Z 2 that interchanges the SM and the mirror sector. 4 With this symmetry, the Lagrangian is invariant under the interchange of the SM and mirror fields ψ ↔ ψ and as a result, in addition to having the same particle contents, the gauge and Yukawa couplings of the SM and the mirror sector will be the same. A partial Z 2 symmetry is in fact a requirement in TH models [6, 18, 19] . However, cosmological and phenomenological observations put tight constraints on these scenarios [6, [20] [21] [22] . In particular, constraints on the number of relativistic degrees of freedom during nucleosynthesis and CMB formation are particularly difficult to avoid. In fact, the model we are considering requires at least two flavors of light right-handed neutrinos which, if they maintain thermal equilibrium with the Standard Model sector, would be enough to be in contradiction with the bound on ∆N eff . One way to avoid these constraints is to break the Z 2 in some way. For example, in Twin Higgs models, the improvement of the little hierarchy problem depends only on the Z 2 symmetry in the Yukawa couplings of the third generation. There could be large breaking of the Z 2 for the Yukawa of the first and second generations, as well as in the QCD scales of the SM and mirror sectors. As a consequence, the thermal history is different in the two sectors, leading to a mirror sector which is colder than the SM sector at low temperature [6, 20, 21] . This scenario also suggests heavier mirror baryons which could explain why, if the mirror baryons are the dark matter, Ω DM ∼ 5Ω m [20, 21] . In the extreme case, it is possible to remove all the light generations from the spectrum, leading to the so-called Fraternal Twin Higgs [19] . It is also possible, instead of breaking the Z 2 in the Yukawa couplings, to break the symmetry in the way the two sectors are reheated [23, 24] . In such a setup, one has to ensure that reheating happens after the two sectors lose thermal contact.
We want to stress that the qualitative features of our model remain the same regardless of the presence of a Z 2 symmetry or asymmetric temperatures between the SM and the mirror sector.
For illustration, in the discussion of some benchmark scenarios, we will consider cases with exact and broken Z 2 symmetry.
A. Global symmetries of the model
The complete model has five U (1) symmetries:
The last two are gauge symmetries which are anomaly free while the first three have SU (2) L and SU (2) L mixed anomalies. 5 With these symmetries we can form an anomaly free linear combination
This symmetry could be gauged and broken spontaneously in various ways. If Let us define the normalized number density for particle species x to be Y x = nx s , where s = 2π 2 45 g T 3 is the total entropic density of the Universe with g the number of relativistic degrees of freedom of the Universe (g = 213.5 assuming an exact copy of the SM in the mirror sector). 5 The anomalies are SU (2) 2
For particle x with quantum number x q under U (1) q , we use Y q to denote the normalized charge asymmetry
where
where ∆ α ≡ B/3 − L α and ∆ α ≡ B /3 − L α with L α and L α respectively referring to the lepton and mirror lepton flavor charges. This relation will be verified explicitly in the BEs in the following sections. Assuming zero initial B − B − L tot asymmetry, and that leptogenesis completes before EW and mirror EW sphalerons freeze out, we have that, after all N i andN i decay, the B − L asymmetry in the visible sector is equal to the B − L asymmetry in the mirror sector
Notice that this equivalence is independent of the presence of Z 2 symmetry breaking terms. This result is enforced by the global symmetries of the theory and represents a robust prediction of the model.
The relation between the baryon asymmetry Y B and Y ∆ and the relation between the mirror baryon asymmetry Y B and Y ∆ depend on the relativistic degrees of freedom that are present at the EW and twin EW sphaleron freeze out. In general, we have
If Z 2 is exact, one would have κ = κ . But since it is typically expected that the Z 2 should be at least slightly broken, we can have κ = κ , resulting in slightly different amounts of B and B asymmetries taking into consideration eq. (7) . If mirror baryons are the DM with comparable mass to the SM baryons, this will provide an elegant explanation as to why the DM has similar energy density to the SM baryons.
B. Heavy N decay and CP violation
In the model considered in this study we can have the following decay processes involving the heavy neutrinos N i → l α Φ, N i →l αΦ and its antiparticleN i →l αΦ ,N i → l α Φ . For generic complex Yukawa couplings y and y in eq. (4) we can have CP violation in the decays of the heavy neutrinos and this will imply non-zero ∆Γ(
It follows that
Furthermore, we can define the CP violating parameters in the visible and hidden sector as
The relation in eq. (11) shows that the total CP violation in the visible and hidden sector is the same, namely
where i ≡ α iα and i ≡ α iα . The relation above is ensured by the presence of a global B − B − L tot symmetry as discussed in the previous section. The explicit computation of iα gives Notice that in general the two CP parameter iα and iα are different, however they become equal in the Z 2 symmetric limit where y = y . Furthermore, summing over α, one can easily verify that eq. (14) holds with
This parameter measures the total amount of CP violation induced by the decay of the heavy neutrino N i . Compared to the standard leptogenesis result [1, 28] , there is no triangle or vertex diagram contribution and the CP violation comes only from the interference between the tree-level and the one-loop self-energy diagrams.
C. Neutrino masses and bound on CP violation
In the limit of heavy right-handed neutrino masses, we can integrate out at tree level the N 's in eq. (4) by means of their equations of motion. Substituting back into the original Lagrangian we get the following dimension five effective operator involving the light neutrinos
After EW symmetry breaking in both sectors, we get the following Dirac mass term for the neutrinos
where the role of the right-handed neutrinos is taken by the mirror left-handed neutrinos, namely
The explicit form of the mass matrix at leading order is given by the seesaw relation
where Φ = (υ 0) T with υ = 174 GeV and Φ = (f 0) T , where f is the VEV of the mirror Higgs doublet which is a free and model-dependent parameter. For instance, in the TH scenario, phenomenological constraints require f > ∼ 3υ [21] . Disregarding the hierarchy problem and assuming y ∼ y ∼ 1 and f ∼ 100 υ, one can push the mass M to the grand unification scale ∼ 10 16 GeV in order to generate a neutrino mass of 0.1 eV.
For definiteness, we will work with three generations of mirror leptons as well as N i 's. In this case, we can parametrize the Yukawa matrices as follows
where X is a 3 × 3 complex invertible square matrix, D √ x is the square root of the diagonal matrix D x and D M ≡ M = diag(M 1 , M 2 , M 3 ). The unitary matrices U and V are such that
where m i are the physical light neutrino masses. Notice that this parametrization is a generalization of the parametrization introduced in [29] . 6 For M 1 M 2 , M 3 we can write the CP parameter 1 in eq. (17) as follows
Using X −1 X = 1 3×3 , we obtain the following inequality (see appendix A for details) 7
where we have assumed m 3 > m 2 > m 1 and |∆m 2 atm | is the atmospheric square mass splitting. For the inverted mass ordering, we make the replacements m 3 → m 2 and m 1 → m 3 . This relation is equivalent to the Davidson-Ibarra bound for the type-I seesaw [17] with the replacement 3 υ 2 → 1 υf . If f > υ/3, the lower bound on the mass of M 1 will be more stringent than the standard Davidson-Ibarra bound. Since f is model-dependent, in principle, the bound can be relaxed by taking a small f . 6 The original Lagrangian contains a total of 18 + 3 moduli and 18 phases from M , Y and Y . The observables (in principle) are 2 × (3 moduli + 6 phases) from U and V , and 3 + 3 moduli from Dm and DM giving a total of 12 moduli and 12 phases. The additional 9 moduli and 6 phases will be captured by the complex matrix X. 7 If the number of Ni generations is equal to k = 3, in general, XX −1 = 13×3 does not imply the condition X −1 X = 1 k×k required for the proof.
In this section we will construct the BEs to describe the evolution of charge asymmetries Y ∆α , Y ∆ α as well as heavy singlet densities Y ΣN i ≡ Y N i + YN i and asymmetries Y ∆N i . 8 To focus on the important features, here we will present the BEs assuming leptogenesis proceeds through the decays of the lightest singlets N 1 andN 1 and in the regime where both the SM lepton and mirror lepton flavors are not distinguishable. 9 In appendix C, we will present the complete BEs for the flavored case which can be useful for numerical analysis. We assume both the SM and mirror sector to have the same temperature and that mirror fermions also come in three generations.
The set of BEs are given by
where with g x the total degrees of freedom of x and ζ x = 1(2) for a relativistic fermion (boson). 10 Furthermore, γ N 1 is the total decay reaction density of N 1 (which is equal to γN 1 due to CPT) while P 1 and P 1 are respectively the tree-level branching ratios for N 1 decays to lΦ andl Φ with P 1 + P 1 = 1. 11
After identifying U (1) charges and interactions in the thermal bath, we can write the particle [31] . Furthermore, from eqs. (26)- (29) , one can verify explicitly that
For simplicity, we assume that both the EW and mirror EW sphaleron processes are in equilibrium and so the appropriate charge asymmetries to consider are Y∆ α and Y ∆ α . For the SM, this is the case if leptogenesis occurs at T < ∼ 2 × 10 12 GeV. 9 Leptogenesis from decays of N2 and N3 can be neglected if we assume the reheating temperature is sufficiently below M2 and M3 or that the asymmetry generated is negligible due to strong washout and/or small CP parameters. For the SM, the lepton flavors are not distinguishable for T > ∼ 4 × 10 11 GeV. 10 For the normalization of heavy particle N1, we have used a Maxwell-Boltzmann distribution while the normalizations of other light (massless) particles take into account whether they are fermions or bosons (see appendix A of [30] ). 11 For our calculation, we will use tree-level amplitudes and Maxwell-Boltzmann distributions which give γN 1 = γN 1 = sY eq N 1 ΓN 1
have made use of eq. (14) . Assuming zero initial asymmetries, it follows that
(c.f. eq. (6)). Using the relations above, eq. (14) and P 1 = 1 − P 1 , the BEs we need to solve are
where we have defined Y nor ≡ 15 8π 2 g and
For the SM, g = 2 × 3 and g Φ = 2. The solutions of the BEs depend on the so-called washout parameter defined as
which characterizes the degree of which the decays of N 1 andN 1 are out-of-equilibrium. In the second definition above,m 1 ≡ (y † y) 11 +(y † y ) 11
υf is parametrically similar to neutrino masses and m 0 ≡ 8.69 × 10 −3 g 213.5
1/2 f 500 GeV eV. The final asymmetry can be parametrized as
where η is the so-called efficiency factor which is a function of K 1 and Y eq N 1 (z = 0) = 45 2π 4 g . The most efficient case η = 1 is realized in the limit of weak washout K 1 1 and when one starts from thermal abundances of N 1 andN 1 .
From eqs. (8) and (33) 
The bound above applies strictly for the unflavored scenario with hierarchical N i . Consideration of specific flavor alignment could relax the bound by a few orders of magnitudes [32, 33] while having quasi-degenerate N i could further relax the bound down to sub-TeV scale through resonant enhancement [25] [26] [27] .
Finally, given that the observed ratio of DM and baryon energy densities is r ≈ 5.4 and assuming all the DM to be the mirror baryons, from eq. (7), the DM mass can be expressed as
where m n ≈ 1 GeV is the nucleon mass.
IV. BENCHMARK SCENARIOS
In this section we will discuss two different benchmark scenarios according to the presence or absence of a Z 2 symmetry in the neutrino sector. The Z 2 symmetry assumption, together with the size of the Yukawa couplings of the mirror sector influence the solutions of the BEs presented in the previous section.
A. Z 2 symmetric case y = y
First we consider a scenario in which the SM and mirror neutrino sectors are related by an exact Z 2 symmetry, namely y = y , and therefore P 1 = 1 2 . We consider the case for which c = c which can be achieved either if the Z 2 symmetry is respected by the whole theory or if the Z 2 breaking in the quark and lepton sector is such that the differences in the Yukawa couplings do not affect the leptogenesis mechanism. Under these assumptions it can be shown that Y ∆ = Y ∆ at all times.
For instance, assuming the first and second generation SM and mirror quark Yukawa interactions are not in equilibrium, we have A = A = − 3 5 and C = C = − 2 5 . Therefore, we have
A good analytical approximate solution for the final asymptotic value of η is presented in appendix B. Finally, assuming (mirror) EW sphaleron processes freeze out after (mirror) EW symmetry breaking at a temperature below the (mirror) top mass, we have
In FIG. 2, we show the efficiency factor η as a function of the washout parameter K 1 for the Z 2 symmetric case with zero initial N,N abundances (red solid curve) and thermal initial N,N abundances (red dashed curve). The red dotted curves are the approximate solutions presented in appendix B. Next we consider a scenario in which the Z 2 symmetry is broken in the neutrino sector, namely y = y , and therefore P 1 = 1 2 . Here we can have either that c = c or c = c . During leptogenesis Y ∆ = Y ∆ and the equality is only established at the end of leptogenesis as in eq. (7) .
As a concrete example, let us consider a scenario where we put the second generation mirror quark Yukawa interaction to be in equilibrium (due to larger mirror Yukawa coupling than the SM one), while other conditions remain the same as in the section IV A. In this case the parameter c has the same value as in eq. (36), while c with A = − 3 5 and C = − 1 4 is given by
In FIG. 2, we show the efficiency η as function of the washout parameter K 1 for P 1 = 0.9 or 0.1 (blue curve) and P 1 = 0.99 or 0.01 (purple curve) with zero initial N,N abundances (solid curves) and thermal initial N,N abundances (dashed curves). The choice of more extreme branching ratios induces a shift of the curve towards large values of K 1 . The solutions assuming eq. (36) or eq. (38) essentially overlap due to the small difference between c and c .
Finally, assuming mirror EW sphaleron processes freeze out after mirror EW symmetry breaking at a temperature below the mirror top and bottom masses, we have κ = 10 41 .
In this case, the mass of dark matter will be equal to 5.4 × 30 97 × 41 10 = 6.8 m n , which follows from eq. (35).
V. DISCUSSION
In this work we have presented a novel framework for leptogenesis from decays of heavy Dirac singlets which is characterized by the following features:
• assumes the existence of a mirror world with a global lepton number symmetry;
• a seesaw mechanism generates small Dirac masses for the SM neutrinos which implies the absence of 0νββ decay;
• leptogenesis occurs in a theory that respects a global lepton number symmetry and after leptogenesis has occurred, the symmetries of the theory enforce the Y ∆ asymmetry in the visible sector to be equal to the Y ∆ asymmetry in the mirror sector; Though the qualitative features would be the same, it would be interesting to study in detail a scenario where the mirror sector starts with a colder temperature than the SM in view of the strong bounds on additional dark radiation.
For a variety of reasons, it might be desirable to lower the scale of leptogenesis down to sub-TeV.
This can be achieved through resonant enhancement of CP violation by having quasi-degenerate N i which allows the circumvention of the bound given in eq. (25). One possibility is to have resonant Dirac leptogenesis where one starts with quasi-degenerate Dirac mass for N i . Another possibility, which could be realized quite naturally in models such as the one discussed in section II A, is to introduce small Majorana masses to split the Dirac fermions into quasi-degenerate Majorana fermion pairs. In either case, a mass splitting on the order of the decay width is required to have large enhancement. This kind of low scale leptogenesis can have a natural implementation in the framework of TH models. which we will use repeatedly. We introduce the notation j a ij d ji +b ij c ji >0 ≡ j>0 and j a ij d ji +b ij c ji <0 ≡ j<0 .
(A5)
Next, we split the sum on the left-hand side of eq. (A2) into its positive and negative parts as
Let us call the first sum on the right-hand side S + and the second sum on the right-hand side S − , so that S + > 0 and S − < 0. There are two cases we have to consider:
The proof for the case S + ≤ |S − | proceeds along the same lines and results in the same inequality as in (A7). Finally, we can use the triangle inequality and the fact that |xy| ≤ (1/2)(x 2 + y 2 ) to conclude for both cases that
This completes the proof. Notice that this proof can also be applied to the Davidson-Ibarra case [17] . To do so, we simply need to identify the matrix X with the (complex) orthogonal matrix R of the Davidson-Ibarra case, and the matrix X −1 with R T . The property (A4) then becomes
Im(R 2 ij ) and the proof follows in analogy to the more general case discussed above.
breaking scale. 13 To be general, we include the contribution from all N i , and we have sHz
with α P iα + P iα = 1. For quantities γ N i and Y eq N i , we have to make the replacement z → zM i /M 1 .
The values of A αβ , A αβ , C α and C α depend on the processes which are in chemical equilibrium.
If leptogenesis takes place in the temperature range 10 7 GeV < ∼ T < ∼ 
If Z 2 is exact, i.e. the mirror sectors contain the same relativistic degrees of freedom and the Yukawa couplings are exactly the same as that of the SM, the matrices will be the same in the same temperature range. Otherwise, they will not necessarily be the same. For instance, if mirror Yukawa couplings are larger, it is possible to have A and C as in eqs. (C12) and (C13) while we are in the temperature regime T > ∼ 10 4 GeV.
